A large, flat ultrasonic transmitter and a small receiver are developed for studies of material properties in acoustic transmission goniometry. While the character of the wave field produced by the transmitter can be considered as a plane wave as observed by the receiver, diffraction effects are noticeable near critical angles and result in the appearance of weak but detectable arrivals. Transmitted ultrasonic waveforms are acquired in one elastic silicate glass and two visco-elastic acrylic glass sample plates as a function of the angle of incidence. Phase velocities are determined from modeling of the shape of curves of the observed arrival times versus angle of incidence. The waveform observations are modeled using a phase propagation technique that incorporates full wave behavior including attenuation. Subtle diffraction effects are captured in addition to the main bounded pulse propagation. The full propagation modeling allows for various arrivals to be unambiguously interpreted. The results of the plane wave solution are close to the full wave propagation modeling without any corrections to the observed wave field. This is an advantage as it places confidence that later analyses can use simpler plane wave solutions without the need for additional diffraction corrections. A further advantage is that the uniform bounded acoustic pulse allows for the detection of weak arrivals such as a low energy edge diffraction observed in our experiments.
I. INTRODUCTION
A great deal of information on the mechanical properties of solids is obtained by studying transmitted and reflected acoustic waves. Observations of the angle-of-incidencedependent variations of the complex transmission and reflection coefficients can be used to quantitatively determine elastic constants, wave velocities, and attenuation. As such, acoustic goniometry, in which a fluid-loaded plate ͑i.e., a plate completely immersed in a liquid͒ is insonified with acoustic energy at a variety of angles of incidence and analyzed in either the time or frequency domain, has long been popular in material property studies. Transmission goniometry techniques, in particular, have been used for studies of high-resolution imaging, 1 complex wave propagation in visco-elastic and anisotropic, [2] [3] [4] thin, 5, 6 and saturated poro-elastic [7] [8] [9] [10] [11] media. Ultrasonic goniometry experiments are carried out with a variety of geometries. One problem ubiquitous to all these geometries, however, is that the transmitting and receiving transducers are of finite dimension and limited frequency bandwidth. As a result, the analysis of real measurements requires that transducer diffraction, 12, 13 such as beam divergence, edge effects, and off-axis wave-number components, be considered in the experimental design and analysis. The energy propagating from such transducers is contained within a continuous bounded beam or a transient bounded pulse. The most dramatic example of bounded beam or pulse effects is nonspecular reflection produced near critical angles 14, 15 that results in broadening of reflectivity coefficient maxima and apparent lateral shifting of the reflected beam upon reflection near the Rayleigh critical angle. As such, the influence of such diffraction affects on both transmissivity and reflectivity; the phase must be considered particularly as the S-wave critical angle is approached. Most theoretical developments in acoustics are constructed with the assumption that monochromatic planewave fronts propagate through a medium. Ideally, experimental measurements consequently strive to reduce the imperfect, diffraction-limited observations to a form from which a plane wave interpretation can be employed. This is especially pertinent for more fundamental measurements of reflection and transmission coefficients, 16 intrinsic attenuation, 17 and inversion of anisotropic properties. 18 A variety of strategies are used to overcome this limitation. The most common is to correct the observed amplitudes waveforms for changes due to beam characteristics. 16, [19] [20] [21] [22] [23] Another approach is to mimic plane wave transducers by superposition of the time domain waveforms acquired during the systematic scanning of a transmitted wave field 24 or by synthetic aperture arrays 25, 26 in which the effective dimensions of the transducers are artificially increased. In principal, the same effects can be obtained by use of large transducers directly. The larger the transducer relative to the distance to the receiver and the wavelength of the propagating acoustic energy, the more the wave field approaches plane wave behavior. Construction of large aperture transducers is problematic and there is little discussion in the literature of their use in material characterization. However, Hosten and co-workers 27, 28 have more recently employed specially constructed large ͑40ϫ 80 mm 2 ͒ high-frequency ͑3.2 MHz͒ transducers. Using these transducers, the frequency dependence of transmissivity of isotropic glass was measured at a variety of angles of incidence and these agreed with the predictions calculated using simpler plane wave theory. In contrast, the transmissivities obtained using a pair of smaller transducers ͑ϳ19 mm diameter͒ differed substantially from the plane wave theory even after laterally shifting the receiver to correct for refraction of the beam within the plate. Consequently, the information obtained from the nearplane wave could be inverted for material properties without having to make transducer diffraction corrections, corrections that would increase the uncertainty of the measurements. This was found to be particularly important in the determination of the imaginary components of the complex moduli that indicate the attenuation.
A similar experimental configuration consisting of a ͑102ϫ 76 mm 2 ͒ transmitter but with a much smaller ͑1.9 ϫ 1.9 mm 2 ͒ receiver is described in this contribution, an ultimate goal of which is to have a system sufficiently sensitive for the study of attenuation and wave propagation in complex materials. The large transmitter is intended to create an acoustic pulse the character of which approaches that of a plane wave. Conversely, the small receiver is intended to sense the pressure at a point in the transmitted wave field. The purpose of this is to eliminate any corrections due to diffraction effects of the transmitted wave field that lead to a nonuniform distribution of pressure over the surface area of the receiver. So, in this context the somewhat subjective term of "large" is taken to mean that which will yield a transmitted wave front that is flat over dimensions greater than the aperture of the "small" receiver. This combination allows for sensitive detection of weak and unanticipated arrivals. The experimental configuration and transducer characterizations are described in Sec. I. In Sec. II a procedure for modeling of the bounded pulse produced in the tests is described. The angle of incidence dependence of the wave fields transmitted through isotropic silica and acrylic glass plates is compared to the wave field modeling in Sec. III, some diffraction effects are noted even for this experimental configuration. The contribution concludes with some directions for future work in Sec. IV.
II. EXPERIMENTAL APPARATUS

A. Experimental configuration
A familiar experimental configuration for measuring the transmissivity of plates is employed. 7 The experiments are conducted in a tank filled with de-ionized water ͑Fig. 1͒ to avoid deposition of calcium deposits from normal tap water in our region. The large ͑102ϫ 76 mm 2 ͒ transmitting source and the small ͑1.9ϫ 1.9 mm 2 ͒ receiver are coaxially mounted 17 cm apart with the alignment confirmed using a laser mounted in the same position as the receiver both before and after measurements were made. The sample plate is mounted vertically ͑Fig. 2͒ on a horizontal rotating goniometer table between the transmitter and the receiver. During measurements the plate is manually rotated to successive angles of incidence ; the plate can be rotated to both negative and positive with a precision better than 0.1°. The large dimensions of the transmitter typically limit the range of incidence angles to ±50°and the wave field is sampled at increments of 1°with 101 records obtained in a given transmission test.
During the transmission goniometry measurements, the transmitter and receiver are aligned and then left stationary. Both, however, are mounted with a manual scanner that has the capacity to sample the wave field in three dimensions to a precision of better than 0.5 mm over 15 cm in the x-y plane and 2 mm over 35 cm along the z axis. Wave field scanning was also used in characterization of the transducers and to provide the initial input for modeling as is described shortly. Coordinate system x-z has origin at the center of the face of the large transmitter T. Receiver R mounted on alignment rod and sample plate S mounted on goniometer table G are both centered on z axis. The angle of incidence is equivalent to the angle that the sample face normal makes with respect to the z axis; measurements are made at both negative and positive .
The transmitter and receiver were specially constructed for this study. The transmitter ͓Fig. 3͑a͔͒ consists of a 2.54-mm-thick rectangular sheet ͑102ϫ 76 mm 2 ͒ of piezo-electric ceramic ͑PZT-840, American Piezo Ceramics Inc., Mackayville, PA͒ that has a 780-kHz free resonant frequency in the longitudinal thickness mode. The back face of the ceramic is bonded to a copper sheet and backed by a thick shaped block of a urethane-tungsten mixture that mechanically damps the oscillations producing a broadband signal. The front face of the ceramic is covered with a thin layer of conductive epoxy which is in turn isolated from the surrounding water by a thin layer of electronic lacquer ͑G C Electronics polystyrene Q dope͒. For protection and further isolation from the water, this assembly is packed into a plastic housing.
In contrast, the receiver ͓Fig. 3͑b͔͒ is constructed from a small ͑1.9ϫ 1.9 mm 2 ͒ and thin ͑2.01 mm͒ piezo-electric piece ͑PZT-850, American Piezo Ceramics, Mackayville, PA͒ prepared in a manner similar to the transmitter. These dimensions are of the order of the ultrasonic wavelengths in water and as such allow this transducer to be considered as a small receiver. The transmitted wave field, particularly near its center, is uniform over distances much larger than the width of the receiver. Consequently, no additional corrections are necessary to account for spatial variations in the wave field intensity. The area of the receiver ͑ϳ3.6 mm 2 ͒ is only 0.046% that of the transmitter ͑7752 mm 2 ͒. The received signal is increased two to four times by a preamplifier mounted near the ceramic in order to reduce noise. Tests on the receiver have shown that it is highly directional and senses mainly wave arrivals with wave fronts parallel to the surface of the transducer; this minimizes the effect of nondirected scattered energy. The use of this small transducer is effective because of the large energy provided by the transmitter as demonstrated later.
The experiments here are conducted in a pulsed mode and as such the wave field produced by the transmitter is considered to be a bounded pulse being limited both spatially and temporally. The pulse is created by a 200-V, 5-ns rise time square step with energies between 12.5 to 100 J ͑Panametrics Pulse Model 5800͒ supplied to the transmitter. The receiver senses the pressure and its preamplified signal is digitally obtained ͑Tektronix TDS 420A͒ at a 40-ns sampling period after stacking 300 individual pulses. The digital records are immediately stored to a computer for later analysis. The received waveform pulse in the water has a duration of approximately 8 s ͓Fig. 4͑a͔͒ and significant bandwidth from 200 kHz to 1.2 MHz ͓Fig. 4͑b͔͒.
B. Samples
Three isotropic blocks composed of soda-lime silicate and acrylic ͑polymethyl methacrylate͒ glasses were used as test pieces. The low attenuation of silicate glass allows it to be considered as a nearly elastic medium and the quality factors of pure silica glasses are high 29 ͑Q ϳ 10 6 ͒ in the frequencies used here and as such it is difficult even to obtain reliable values for them; it is assumed in this study that the glass is representative of an elastic medium. In contrast, the visco-elastic properties of acrylic glass are well studied with representative quality factors 30 Q of ϳ50 and ϳ10 for the longitudinal and shear waves, respectively. The faces of all the samples were of the same dimensions of 22ϫ 22 cm 2 but of variable thicknesses ͑Table I͒. The two acrylic glass samples were taken from sheets of differing thicknesses and consequently were not from the same batch as made apparent by the differences in the longitudinal V P and shear V S wave speeds. The greater thickness of the larger plate did not allow for as great a range of angles of incidence to be sampled. The wave speed values given in Table I were measured using Pand S-wave transducers in direct contact with the plates in a through transmission experiment.
III. WAVE FIELD CHARACTERIZATION AND MODELING
Proper interpretation of any experimental results requires that the wave field and any diffraction limitations be well understood. In particular, it is important to know how flat the bounded acoustic pulse will be and the distances to which the bounded acoustic pulse retains a planar character. This was accomplished by both scanning and modeling the propagating bounded acoustic pulse.
Below, some of the quantitative amplitude information is given in the form of the peak value of the magnitude of the analytic signal as determined using a Hilbert transform. The evaluation of the amplitude envelope of the signal is obtained via the analytical signal given by
where s͑t͒ is a real signal and H t denotes the Hilbert transform. The amplitude envelope A͑t͒ is simply the magnitude of the analytic signal
where * denotes the complex conjugate.
A. Observations of the free bounded acoustic pulse propagation
Here we take a free bounded acoustic pulse to be one that is freely propagating through the water only. The response of the receiver to the free bounded pulse is first sampled along x and y lines in increments of 1 and 2 mm, respectively, and at z = 2 cm from the transmitter face at a digitization period of 40 ns. This recorded wave field is reconstructed by plotting the recorded waveforms, normalized with respect to the direct arrival recorded with the sample removed, with only the shorter vertical dimension shown ͓Fig. 5͑a͔͒. The observed bounded acoustic pulse generated has a uniform arrival time and a nearly constant amplitude in a x-y large area centered around the axis of propagation.
Although not shown, the bounded acoustic pulse is wider in the horizontal x direction than in the vertical y direction according to the lateral dimensions of the source. Also in Fig.  5͑a͒ , some lower frequency coherent noise is noticeable at times greater than 15 s. These events have been generated by reverberations between the transmitter and the receiver. Hyperbolic diffractions from each edge of the transducer are also clearly apparent. However, at the center of the bounded acoustic pulse the diffractions and reverberations do not interfere with the planar front which has uniform amplitude and phase over a distance greater than 9 cm ͓Fig. 6͑a͔͒ in the x direction.
In contrast to the near field ͓Fig. 5͑a͔͒, the edge diffractions become increasingly important with distance. Despite appearing flat over ϳ7 cm width at 35 cm ͓Fig. 5͑b͔͒, the edge diffractions now contaminate the main front; there are no longer any sharp edges to the bounded pulse in contrast to its early character ͓Fig. 5͑a͔͒. These edge effects are also quantitatively apparent when variations in amplitudes across the bounded pulse are measured ͓Fig. 6͑b͔͒. The edge diffractions do not significantly influence the observed amplitude along the z axis of propagation until approximately a distance of z =28 cm ͓Fig. 6͑c͔͒.
B. Modeling of free bounded acoustic pulse propagation
As noted earlier, it is important that we understand the bounded acoustic pulse. One critical aspect of this is being able to predict how the pulse will change with propagation distance. Using as a starting point the early observed wave field of Fig. 5͑a͒ , the evolution of the wave field as it propagates through the water is modeled. This modeling will be compared to the observations at greater distances in order to assist in characterization of the bounded pulse and to develop a predictive tool for the analysis of the more complicated reflection and transmission experiments. Specifically, the wave field shape and amplitude at z = 35 cm are calculated and compared to that observed. A phase advance technique is employed to carry out the calculations in the two-dimensional plane ͑x , z͒. In this contribution the wave front is considered two-dimensional because the measurements are taken within the transmitter's central x-z plane at y = 0. This allowed selection of a convenient coordinate system ͑Fig. 2͒ such that only the components of the wave number in the x-z plane are necessary in modeling. In this two-dimensional propagation, the out-ofplane components are ignored and the freely propagating wave field ͑x , z , t͒ is described using an integral,
where ⌽͑k x ,0,͒ is the wave field recorded on the plane z = 0 once transformed into the Fourier domain ͑k x , ͒. k x and k z are the horizontal ͑x͒ and the vertical ͑z͒ wave numbers, respectively. Essentially, this equation describes the superpositioning of monofrequency plane waves with different frequencies and propagation directions within the x-z plane that form the final bounded pulse. These wave numbers are related to each other by k
Note that ⌽͑x , z , t͒ can be any component ͑i.e., pressure, particle displacement, etc.͒ describing the wave as it propagates. This is simply the phase shift method of forward modeling often used in seismic migration corrections. 31 The implementation of this procedure is briefly described below. Using Eq. ͑3͒, the wave field recorded 2 cm above the source is propagated to a distance of 35 cm. This is accomplished by first taking the double Fourier transform of the wave field recorded at z = 2 cm in time and x, phase shifting this result in the frequency domain by multiplication with e ik z z where z = 0.33 m, and finally taking the double inverse Fourier transform to obtain the wave field at z = 35 cm. To speed up the process the fast Fourier transform algorithm can be used. Depending on memory availability the process can be done in one step or in steps in the z direction that sum up to the desired distance ͑here 33 cm͒.
The wave fields observed and modeled at a distance of 35 cm are compared in Fig. 5 . We notice that these are in excellent agreement despite the reverberations present in the model. This distance of 35 cm is greater than the sourcereceiver distance of 17 cm used in the transmission experiments. We notice that the "reverberation events" are present in the model above 250 s but not in the observed data. This further supports the contention that these result from the proximity of the source and receiver ͑2 cm͒ when the input wave field data are acquired.
The maximum value of the amplitude envelope of both the observed and the modeled wave fields at distances of 2 and 35 cm are compared Fig. 6 . At 2 cm both the vertical and horizontal wave fields show a large area around the axis of propagation where the amplitude is nearly constant. However, the horizontal bounded acoustic pulse is wider than the vertical one. At 35 cm the model and the observed amplitudes are in agreement despite a misalignment of about 2 mm; this is due to the precision of the scanner positioning system at the 35-cm distance. The edges of the bounded acoustic pulse increase in amplitude and migrate inwards towards the center as predicted by the theoretical model. This is evident in the amplitude envelope of the cross section of the acoustic bounded acoustic pulse as it propagates in the fluid as shown in the composite image of Fig. 7 . The wave field as predicted by the model given by Eq. ͑1͒ spreads energy both outwards and inwards by diffraction as it propagates. The amplitude at the center of the acoustic bounded acoustic pulse as a function of propagation distance is given in Fig. 6͑c͒ with the model superimposed. We see that they are in very good agreement. This confirms that the forward modeling of the bounded acoustic pulse using Eq. ͑1͒ adequately and effectively describes the wave field at any point in front of the acoustic source and places further confidence in the theoretical model. Equation ͑3͒ still holds for an acoustic bounded wave field transmitted through a solid material plate immersed in a fluid and recorded by a point receiver on the opposite side of the source provided that the appropriate transmission coefficients were used. Indeed Eq. ͑3͒ can be modified for such experiment with thick plates as follows: where R 1 is the reflection coefficient at the first interface. It needs to be noted here that both Eqs. ͑4͒ and ͑5͒ apply to a thick plate in the sense that we are describing only the primary reflections and ignoring later events that are well separated in time. We leave studies of reflected pulses for later contributions due to the added difficulties encountered at critical angles. 32, 33 It is important to note that the transmission and reflection coefficients in Eqs. ͑4͒ and ͑5͒ should be properly calculated to include the material properties particularly the P-wave and shear-wave attenuations.
Equations ͑3͒-͑5͒ describe precisely the propagation, the transmission, and the reflection of a bounded acoustic pulse. These are tools in modeling such experiments with various materials provided that the reflection and transmission coefficients are properly calculated for the materials under consideration. The reflection and transmission coefficients for elastic isotropic materials can be found in many text books. It is most useful to write these coefficients in terms of the wave numbers that implicitly contain the angle of incidence.
C. Pattern of transmission mode arrival times
The results below are presented as composite images of the amplitudes of adjacent time traces versus the angle of incidence here referred to as a -t plot; as this is not a conventional format some discussion of what is to be expected is useful. The propagation of the bounded pulse from the transmitter to the receiver through the fluid-loaded plate is influenced by both refraction and mode conversion. Despite the fact that the transducers are held fixed, the pulse's transit time necessarily changes with angle of incidence due to variations in the length of the path through the fluid and solid plate. Along the plate axis and in the near field such that the side diffractions do not interfere, the transit time can readily be determined using Snell's law ray tracing. When viewed as a function of the angle of incidence, the travel time loci ͑Fig. 8͒ curve upwards or downwards depending on whether the wave speed in the plate is respectively greater or less than that of the surrounding fluid ͑speed V 1 ͒. For example, in a material with V P Ͼ V l Ͼ V S the longitudinal wave arrivals will be concave upwards while the converted shear wave arrival is concave downwards. When the wave speed in the solid equals that of the surrounding liquid, the arrival time curve is flat. In later figures, the calculated travel time loci are super- imposed on the -t images. The designations P and S indicate the directly arriving longitudinal and converted shear wave modes, although it must be kept in mind that all of these arrivals are sensed by the receiver in the water as a longitudinal mode. Primary multiple reverberations are indicated by three letters, for example PPS represents those arrivals with two passes of the longitudinal wave and one with a converted shear wave through the plate.
IV. TRANSMISSION RESULTS
A. Thin acrylic glass plate
A number of classic plane-wave features are seen in the -t image ͑Fig. 8͒ for the thin acrylic glass plate. The most notable and strongest are the direct longitudinal ͑P͒ and converted shear ͑S͒ wave arrivals. The faster longitudinal arrival curves upwards with angle of incidence due to the longer path through the faster material. V S Ͻ V l and this slower speed of the converted shear wave is manifest as a weakly concave downward curve. As V S Ͻ V l Ͻ V P only the longitudinal critical angle c P exists as apparent by the loss of the strong longitudinal arrival at ±33.9°after which the strength of the S arrival is dominant. As anticipated, the converted shear arrival is weak at normal incidence ͑ =0͒ and is not observable near this angle in the later multiple reverberations PSS and PPS. Phase shifts near c P appear to give the S locus an apparent discontinuity.
Diffraction effects of the finite transmitter still add complications. First, the locus of the direct P arrivals extends to angles greater than c P although this post critical energy is weak. Second, another weak arrival denoted by "?" appears between those for P and S and may exist at all angles of incidence although it is lost in the strong P arrival near normal incidence. This latter arrival complicated our preliminary interpretations of -t images acquired in more complex materials than discussed here; it will shortly be demonstrated that it is a transducer diffraction effect. The modeled transmitted wave field ͓Fig. 8͑a͔͒ is close to the observed wave field ͓Fig. 8͑b͔͒.
B. Thick acrylic glass plate
The -t images for both acrylic plates essentially display the same information including the "?" arrival but with some differences. The most obvious are the P and S mode travel times that are respectively advanced and delayed for the thick plate ͑Fig. 9͒. The P mode arrives earlier because of its higher speed in the acrylic relative to the water. In contrast the S mode is retarded because the shear wave speed is lower than that in the water ͑Table I͒. The pulse propagates through more acrylic material in the thicker plate and consequently is more attenuated. This is evident in the lengthening of the observed pulse waveform and weakening of the amplitudes relative to the thin plate. Here again the modeled transmitted wave field ͓Fig. 9͑a͔͒ is close to the observed wave field ͓Fig. 9͑b͔͒ and it is important to note that attenuation needed to be considered in the modeling.
C. Thin soda-lime glass plate
The elastic properties of the soda-lime glass plate are essentially elastic and hence simpler to model than those for the acrylic. This same material simplicity together with the larger wave speeds ͑Table I͒, however, makes for a more complex -t image ͑Fig 10͒. In this case V P Ͼ V S Ͼ V l and two critical angles exist ͑Table I͒, both of which are apparent. Due to the high velocities, the P, the S, and the later multiple reverberations overlap and are difficult to separate; the loci shown in Fig. 10 are calculated using the known wave speeds. The amplitudes of the S post c P are substantially smaller in a relative sense than those for the acrylics due to the greater loss of energy on reflection from the first surface of the glass due to its higher elastic impedance relative to the surrounding water. One of the arrivals is labeled by "??" that cannot be explained by simple direct or multiply reflected longitudinal or shear waves within the plate is also highlighted. However, in this case it is a diffracted shear wave. At post-shear-critical angle of incidence this wave ap- FIG. 9 . ͑Color online͒ Observed ͑a͒ and modeled ͑b͒ -t composite images for the thick ͑3.64 cm͒ acrylic glass. Each trace is normalized to its rms value and amplitudes greater than 1 3 of the true amplitudes are clipped in order for small amplitudes to display properly.
pears in same manner of that seen in the acrylic samples as a P wave. The P wave at P-post-critical angle labeled "?" of incidence is diluted within the S wave first arrival and consequently cannot be clearly identified and shows better in the model. Other similar types of arrivals are seen at later times in this low attenuation material and are multiple reflections of this diffracted mode.
V. DISCUSSION
In this section, the modeling of the bounded pulse in the plate transmission experiments is developed and used to compare with the observed wave fields. The modeling technique used is able to explain without ambiguity the "?" arrivals.
A. Modeling of bounded pulse transmission
Modeling of the plate transmission is accomplished in the same manner as described earlier for the free propagation of the bounded pulse but with the added complications of refraction and attenuation via Eq. ͑4͒. All the transmitted wave modes detected by the small receiver including all types of multiples can be modeled via the phase shift e ik z z and by appropriately calculating the transmission and reflection coefficients at each boundary and including the P and S wave attenuations of the material when applicable. The PPS multiple, for example, can be modeled by first taking the Fourier transform of the wave field generated by the source ͑at the angle of incidence under consideration͒ both in time and space ͑x direction͒. Let k p and k s denote the wave numbers of the P and S waves in the solid, respectively, and let k denote the wave number in the fluid. It is important here to note that the x component of any wave mode is equal to the projection of the wave number in the fluid on the x axis ͑Snell's law͒. Then the following steps are to be performed to obtain the wave field at the small receiver. 
͑2͒ Multiplication by the transmission coefficient ͑incident
P͒ between the fluid and the solid to obtain the P wave transmitted into the solid. ͑3͒ P-wave propagation in the solid to the second interface via e ik z z where k z = ͑k p 2 − k x 2 ͒ 1/2 . ͑4͒ Multiplication by the reflection coefficient ͑incident P͒ between the solid and the fluid to obtain the reflected P wave from the second interface. ͑5͒ P-wave propagation in the solid to the first interface via e ik z z where k z = ͑k p 2 − k x 2 ͒ 1/2 . ͑6͒ Multiplication by the reflection coefficient ͑incident P͒ between the solid and the fluid to obtain the reflected S wave from the solid-fluid interface. ͑7͒ S-wave propagation in the solid to the second interface via e ik z z where k z = ͑k s 2 − k x 2 ͒ 1/2 . ͑8͒ Multiplication by the transmission coefficient ͑incident S͒ between the solid and the fluid to obtain the transmitted P wave into the fluid. ͑9͒ P-wave propagation in the fluid to the receiver via e ik z z
These steps are performed for each wave mode. The wave field at the receiver is then recorded as the modeled trace and the procedure is repeated for each angle of incidence. Temporal snapshots of the wave field at a series of times during the propagation of the pulse 20°incident to the thin elastic plate highlight the precritical behavior ͑Fig. 11͒ and illustrate the modeling. Only the P and S transmitted arrivals are considered in the modeling of Fig. 11 ; multiples have not been included. The first panel ͓Fig. 11͑a͔͒ shows the bounded pulse immediately prior to contact with the plate. At a time 42 s later half the pulse front has intersected the first surface of the plate and the P and S ͓Fig. 11͑b͔͒ and both the P and S arrivals are propagating through the plate while another 64 s later the main direct portions of the P and S FIG. 10 . ͑Color online͒ Observed ͑a͒ and modeled ͑b͒ -t composite images for the soda-lime ͑1.9 cm͒ glass plate. Each trace at angles less than the S critical angle is normalized with respect to its rms value and traces at angles greater than the S critical angle to three times their rms values.
arrivals have left the sample. It is important to note that the new P component is shifted to greater values of x because of refraction in the plate.
This procedure is very accurate in adequately modeling all arrivals with the correct amplitude and phase including the arrival labeled "?" in Figs. 8-10 . The modeling is repeated for a postcritical incidence of 40°͑Fig. 12͒. In order to explain the origin of the "?" arrival, recall that the spatially and temporally limited bounded pulse will have a wide range of wave numbers in its Fourier domain decomposition. Past the critical angle for the dominant wave numbers some components with wave numbers smaller than the critical angle are still refracted into the solid and then to the water at the second interface. Snell's law does not explain the transit times of these arrivals. To establish its ray path it is important to consider the width of the original spatially bounded pulse and how it evolves in space as it propagates in the water. The flat part of the acoustic wave field shrinks as it propagates through the medium and its edges contain most of the wave numbers deviating from the main propagation angle. Consequently, the path of the edge diffractions must be taken into account with the point upon which the incident pulse first intersects the first surface taken as the departure point for rays refracted into the solid and then emerging into the water through the second interface. Even when this procedure is followed it is difficult to predict the behavior of the FIG. 11 . ͑Color online͒ Modeled propagation of the bounded pulse precritically incident at 20°upon the thin ͑2.46 cm͒ acrylic glass plate immersed in water. Display is shown to scale and amplitudes greater than half of the maximum true amplitude are clipped in order for small amplitudes to display properly. The critical angle in this case is P C = 33.9°. The origin of the center bounded acoustic pulse is not shown and is located at z = −6.6 cm and x = −2.85 cm. The direct distance between the source and the receiver is 0.17 cm. Visualizations of some of the components of the wave field at times of ͑a͒ 42 s with bounded pulse in water incident to first surface, ͑b͒ 64 s partway through contact of pulse with first surface ͑note generation of a reflected and transmitted P and a converted transmitted S arrival, and ͑c͒ at 93 s showing nearly completed reflected and transmitted pulses.
FIG. 12.
͑Color online͒ Modeled propagation of the bounded pulse postcritically incident at 40°upon the thin ͑2.46 cm͒ acrylic glass plate immersed in water that includes only the edge diffraction arrivals; the primary reflection from the first surface and any induced multiples are not included in the model. Display is shown to scale and amplitudes greater than onethird of the maximum true amplitude are clipped in order for small amplitudes to display properly. The origin of the center of the bounded pulse is located at z = −3.7 cm and x = −4.14 cm. ͑a͒ 42 s at a time after edge 1 has contacted the first surface with the diffractions transmitted into the plate and the underlying water. ͑b͒ 80 s at a time after the diffracted arrival from edge 2 has contacted the first surface with the diffractions transmitted into the plate and the underlying water. ͑c͒ 106 s after both edge diffractions have propagated through the plate. See Fig. 11 for "edge 1 and edge 2 labels." diffractions and therefore ray tracing would not lead to the exact path. The results from this modeling show the development of the edge diffractions from edges 1 and 2 in Figs. 12͑a͒ and 12͑b͒, respectively. It is important to note that the strongest parts of the edge 1 diffraction do not propagate to the receiver and the energy that does arrive there is considerably weakened such that it is not reliably observed in the real -t images ͑Figs. 8-10͒. In contrast portions of the edge 2 diffraction are much stronger at the receiver and are readily detected as the "?" arrival ͑Figs. 8-10͒. This modeling conclusively demonstrates that the "?" arrival is yet another diffraction effect that must be properly accounted for in analysis of the goniometric records.
A complete modeling of all the angles of incidence measured for the thin acrylic glass sample ͓Fig. 12͑b͔͒ displays all the same behavior observed in the recorded traces ͓Fig. 12͑a͔͒. The travel times for the various arrivals are shown as determined from the modeling also.
B. Advantage of large transmitter
The experimental method described can detect wave modes that would otherwise be lost within the background noise if a small source transmitter is used. Here a model for the waves propagating through the thin acrylic plate ͑2.46 cm thick͒ transmitted from a transducer of 2 mm in diameter is presented. It is assumed that the source would produce as much energy per surface as the large transmitter used in these experiments. The resulting direct arrival to the same distance of 17 cm ͓Fig. 13͑b͔͒ is shown as a true amplitude normalized with respect to the amplitude of the free pulse at 2 mm away from the source ͓Fig. 13͑a͔͒. As is expected, the peak modeled amplitude of Fig. 13͑b͒ is much weaker ͑approximately four orders of magnitude͒ than that obtained using the large transmitter ͓Fig. 13͑a͔͒. Indeed, the background noise measured during passive listening produced amplitudes significantly above those produced using a small source ͓Fig. 13͑c͔͒.
One additional advantage of the larger transmitter is that the wave field smearing due to diffractions are also substantially reduced. As such, critical angle phenomena are clearly apparent.
Finally, while the full modeling of the wave fields is useful here in interpreting the observations, and in particular the edge diffraction "?" arrivals, this full modeling is not needed in all cases to determine the effective transmissivity of a plate of material. An original motivation for use of the large transmitter was to reduce the level of complexity required to appropriately model and interpret observed waveforms by allowing use of simpler plane wave theory without the need to account for diffractions. A comparison of the observed P and S amplitudes transmitted through the thin acrylic plate with those calculated using visco-elastic plane wave theory agree well ͑Fig. 14͒. In the precritical range, the observed and calculated amplitudes differ by a small amount on average. At c P , however, some residual diffracted P remains that cannot exist for the pure plane wave solution. This residual observed P rapidly vanishes and good agreement between the observed and modeled S amplitudes exist. The elastic response ͑i.e., neglecting attenuation͒ curves obviously diverge from the visco-elastic ones.
VI. CONCLUSION
A new laboratory method to probe various materials with acoustic waves was developed. The method utilizes a large area source piezoelectric transmitter and a smallreceiver piezoelectric receiver. The source produces an acoustic wave field bounded both spatially and temporally. The amplitude along the axis of propagation stays nearly constant to distances up to 30 cm away from the source. The large amount of energy carried by the wave field further makes the detection of subtle arrivals, even in the absence of FIG. 13 . ͑a͒ Observed wave field produced by the large transmitter. ͑b͒ Modeled wave field propagated to a distance of 17 cm for a small 2-mm-diam spherical source for illustration. ͑c͒ Recorded passive noise.
FIG. 14. ͑Color online͒ Comparison of the P and S transmitted amplitudes both observed and calculated using plane wave assumptions both with and without attenuation for the thin acrylic glass sample.
amplification, events that would be difficult to observe with a small source transducer. The source-receiver developed here was well characterized and can be used with great confidence in various experiments such as in transmission-reflection laboratory tests on various materials.
In the event that not all characteristics of the wave field are understood, the entire wave field may be modeled using a phase propagation procedure. The advantage of this procedure is that the evolution of independent components of the wave field may be studied. However, once details of the wave field are sufficiently known, the transmissivity of plates may be understood using less onerous calculations involving only plane wave concepts with some care exercised in the vicinity of critical angles.
The goniometer has been used in the characterization of saturated porous materials. Use of the same system in reflectivity studies will be forthcoming in a companion contribution. 
ACKNOWLEDGMENTS
